A high resolution structure of ␣-conotoxin EI has been determined by 1 H NMR spectroscopy and molecular modeling. ␣-Conotoxin EI has the same disulfide framework as ␣4/7 conotoxins targeting neuronal nicotinic acetylcholine receptors but antagonizes the neuromuscular receptor as do the ␣3/5 and ␣A conotoxins. The unique binding preference of ␣-conotoxin EI to the ␣ 1 /␦ subunit interface of Torpedo neuromuscular receptor makes it a valuable structural template for superposition of various ␣-conotoxins possessing distinct receptor subtype specificities. Structural comparison of ␣-conotoxin EI with the ␥-subunit favoring ␣-conotoxin GI suggests that the Torpedo ␦-subunit preference of the former originates from its second loop. Superposition of three-dimensional structures of seven ␣-conotoxins reveals that the estimated size of the toxin-binding pocket in nicotinic acetylcholine receptor is ϳ20 Å (height) ؋ 20 Å (width) ؋ 15 Å (thickness).
The nicotinic acetylcholine receptors (nAChRs) 1 are a well studied family of ligand-gated ion channels comprising a diverse set of molecular subtypes (1) . The best characterized is the receptor at the neuromuscular junction, with four different subunits in a pentameric array, i.e. (␣ 1 ) 2 ␤ 1␥ ␦. Less well understood and more diverse are the neuronal nAChRs that assemble in exogenous expression systems with a general composition of (␣ m ) 2 (␤ n ) 3 , where m ϭ 2-6 and n ϭ 2-4, or (␣ 7 ) 5 (2, 3) . A large variety of ligands bind to such diverse nAChRs via unknown mechanisms. A better understanding of the ligandbinding mechanism would be possible if a suitable three-dimensional structure of nAChR were available. Although cryoelectron microscopic images of nAChR show the spatial arrangement of five subunits of the receptor and some aspects of the ligand-binding pockets (4, 5) , they are as yet insufficient for describing ligand-receptor interactions in atomic detail. In this regard, the recently determined crystal structure of acetylcholine-binding protein is expected to provide useful insight into ligand-nAChR interactions (6) .
Small peptide toxins of Conus origin known as the ␣-and ␣A-conotoxins are highly useful tools for exploring ligandnAChR interactions (7, 8) . A well defined subgroup of ␣-conotoxins, referred to as the ␣3/5 2 subfamily conotoxins (Table I) , are antagonists of neuromuscular receptors and show, except for ␣-conotoxin SI (9, 10) , binding preference to the ␣ 1 /␥ subunit interface of Torpedo nAChR. On the other hand, more recently found ␣A-conotoxins differ from the ␣3/5 subfamily conotoxins in the amino acid sequences (11, 12) as well as in their threedimensional structures (13) . The ␣A-conotoxins, nevertheless, target neuromuscular receptors. A third subfamily of ␣-conotoxins known as the ␣4/7 subfamily has also been found; members of this subfamily target subtypes of neuronal and muscle nAChRs (14 -17) . The ␣4/7 subfamily contains two disulfide bonds like the ␣3/5 subfamily but has a different spacing between the disulfide bonds.
Even though a high resolution structure of nAChR is not available, atomic resolution three-dimensional structures of several ␣-/␣A-conotoxins and their analogs (13, 18 -28) as well as those of other nAChR-antagonizing snake toxins (29 -31) and small ligands (32, 33) are available, providing useful insight into ligand-nAChR interactions. Structural comparison among various nAChR ligands is one way of identifying important residues or pharmacophores involved in receptor binding. Unfortunately, varying sizes and physicochemical properties of most nAChR ligands prevent straightforward comparison of their three-dimensional structures. Nevertheless, structural comparison among various ␣-/␣A-conotoxins is possible even though comparison has been limited because of the differences in the disulfide framework (13, 24, 27, 28, 34) . Here, we report a high resolution NMR structure of ␣-conotoxin EI, an ␣4/7 subfamily member with a unique ␣ 1 /␦ specificity toward Torpedo neuromuscular nAChR (14) . With the structure of ␣-conotoxin EI we now have the high resolution structures of ␣-conotoxins that display four different types of nAChR selectivity (␣ 1 /␥, ␣ 1 /␦, ␣ 3 /␤ 2 , and ␣ 3 /␤ 4 ; Table I ). Structural comparison among these toxins may provide a better understanding of * This work was supported in part by Grant NB1310 from the Ministry of Science and Technology of Korea (to K.-H. H.) and National Institutes of Health Grants GM48677 and MH53631 (to J. M. M.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The 1 The abbreviations used are: nAChR, nicotinic acetylcholine receptor; TOCSY, total shift correlation spectroscopy; NOE, nuclear Overhauser enhancement; Hyp, ␥-hydroxyproline. molecular features within ␣-conotoxins that confer receptor subtype specificity.
EXPERIMENTAL PROCEDURES
Protein Purification-␣-Conotoxin EI, originally purified from the venom of Conus ermineus, was synthesized and purified as described previously (14) .
NMR Experiments-Samples for the NMR studies were prepared in 90% H 2 O/10% 2 H 2 O or in 100% 2 H 2 O with a final concentration of ϳ5 mM at pH 4.3. The pH was measured as a direct reading from a combination microelectrode calibrated at two reference pHs. All NMR experiments were performed using a Varian UNITY 500 or UNITY INOVA 600 spectrometer at three temperatures to obtain unambiguous resonance assignment. For TOCSY experiments (35) , mixing times of 70 -85 ms were applied. All peaks were referenced to a residual water signal (4.76 ppm at 25°C). Spectral widths were 6 kHz in both dimensions. Typical two-dimensional data consist of 2048 complex points in the t 2 dimension with 256 complex t 1 increments.
Computation of Structures-Interproton distance restraints used for computation of structures were derived primarily from the nuclear Overhauser enhancement (NOE) spectroscopy spectrum recorded with a mixing time of 200 ms obtained at 4°C. The FELIX program in the NMR Refine module of Biosym 95.0 software (Molecular Simulations Inc., San Diego, CA) was used for quantification of NOE volumes and for converting them into interproton distance restraints. As a distance reference, the NOE volumes of four nonoverlapping geminal ␤-proton cross-peaks were averaged and correlated with the appropriate geminal distance of 1.8 Å. Volume integration errors and the influence of possible conformational averaging were taken into consideration by adding 0.5 and 1.0 Å to distance restraints involving only backbone protons and to those containing at least one side chain proton, respectively (36) . The actual computation of structures was done in two major steps. The first step involved generation of 50 low resolution structures using the DGII calculation based on the metric matrix method (Molecular Simulations Inc., San Diego, CA). To refine the initial distance restraints and to obtain more accurate distance restraints, for example, by correcting for spin diffusion effect the RANDMARDI program (37) was run for the structures generated by DGII. The final restraint set included a total of 278 restraints, 240 of which were NOE-derived distance restraints that in turn was composed of 129 intraresidue distances, 94 short range (͉i Ϫ j͉ Ͻ 5) and 17 long range (͉i Ϫ j͉ Ͼ5) inter-residue distances. Also included in the restraint file were 10 torsion angle restraints along with 21 chirality and six disulfide bond constraints. Backbone torsion angle was set to Ϫ120°(Ϯ 30°) when 3 J HNH␣ Ͼ 8 Hz and to Ϫ60°(Ϯ 30°) when 3 J HNH␣ Ͻ 6 Hz. The second step was refinement of the DGIIgenerated structures by restrained molecular dynamics (38) , done in a biphasic manner such that distance restraints associated with the backbone conformation were applied during the first 22 ps of dynamics at 1000 K, followed by application of the rest of distance restraints. Each dynamics run lasted for 84 or 52 ps at 1000 K and 32 ps of annealing period down to 100 K, finally followed by a short energy minimization using a conjugate gradient method. Force constants for the NOE restraints and for torsion angles were gradually increased to the final value of 30 kcal/mol.
RESULTS

NMR Spectroscopy-Complete
1 H resonance assignment for ␣-conotoxin EI was achieved using homonuclear two-dimensional NMR methods according to the standard sequential resonance assignment strategy (39) . Because of their unique "back-transfer" cross-peaks, unambiguous assignment of His 7 and Arg 1 was possible using a TOCSY spectrum without relying on the NOE connectivity information. Also, Hyp 3 , Thr 9 , Ser 13 , and Ile 17 were assigned based only on the shift correlation spectroscopy and TOCSY spectra following their characteristic coherence transfer patterns. For other residues, classification of spin systems in a TOCSY spectrum along amide NH resonances preceded the sequential resonance assignment procedure. Strong sequential d ␣␦ type NOE cross-peaks representing interproton distances of less than 2.5 Å were clearly observed for three prolines (Hyp 3 , Pro 8 , and Pro 15 ), indicating that they are in trans configuration (40) . The ⑀-CH 3 of Met 12 was found as a sharp singlet at 2.05 ppm in one-dimensional 1 H spectrum. Because of trans-cis isomerization of prolines, minor peaks originating from a cis-conformer were noted. Similar cis conformers have been observed in other ␣-/␣A-conotoxins as well (13, 27, 34, 41) . Detailed analyses of NMR data and structure calculation have been carried out for the trans-isomer. Shown in Fig. 1 are short and medium range NOEs used for the resonance assignment, 3 J HNH␣ , temperature coefficients of backbone NH protons (⌬␦ NH ), and chemical shift index (42) along the amino acid sequence of ␣-conotoxin EI.
Structural Description of ␣-Conotoxin EI- Fig. 2 shows the ensemble of 20 final converged structures of ␣-conotoxin EI with the N terminus at the upper left corner and the C terminus at the upper right corner. The overall dimension of the "" shaped ␣-conotoxin EI is ϳ15 Å (height) ϫ 15 Å (width) ϫ 12 Å (thickness). The bottom of the fold is composed of an ␣-helix involving residues Pro 8 -Ser 13 as judged by the STRIDE secondary structure analysis algorithm (43) . The ␣-helix at the bottom of the molecule is a common structural feature of the ␣4/7 subfamily. In addition, a short 3 10 helix formed by residues Hyp 3 -Tyr 6 is found in ␣-conotoxin EI. The C-terminal arm of the fold contains a type IV ␤-turn involving residues 17 . Table II shows the structure determination statistics. The average root mean square deviation values for backbone and heavy atoms within the ensemble are 0.355 and 0.715 Å, respectively. The quality of structures can also be inferred from the two R factors (44), R a ϭ 0.559 and R b ϭ 0.138, that were calculated using CORMA (45) . Also, when the final structures were subject to quality evaluation by PROCHECK (46), 77.3% of the residues were found to belong to the most favorable region of the Ramachandran plot. Although the overall topology of the current high resolution structure of ␣-conotoxin EI appears to be similar to that of the previous low resolution structure of ␣-conotoxin EI (47), detailed comparison cannot be made because the spatial coordinates are not available.
Structural Comparison of ␣-Conotoxin EI with Other ␣-Conotoxins-All neuromuscular conotoxins known to date belong either to the ␣3/5 subfamily or to the ␣A subfamily (Table I) . Interestingly, ␣-conotoxin EI belongs to neither of the two but targets neuromuscular nAChR. In Fig. 3 two neuromuscular ␣-conotoxins, GI (18) and EI, are superimposed along the possible ␣ 1 -subunit-binding face (27, 48) . We have used ␣-conotoxin GI as a representative of the ␣3/5 conotoxins because high resolution structures of other neuromuscular ␣3/5 conotoxins such as MI (19) and CnIA (24) are essentially the same as that of ␣-conotoxin GI. Large structural differences are observed between the second disulfide loops of the two, suggesting that ␥ or ␦ subunit specificity of these neuromuscular toxins resides within their second disulfide loops. The mammalian ␦-subunit recognition was shown to be mediated by Tyr 12 in the second loop of ␣-conotoxin MI (47). Structural superposition of ␣-conotoxin EI with other ␣4/7 subfamily members can be made along their common disulfide framework. Shown in Fig. 4 is the superimposition of six ␣4/7 conotoxins, EI (purple), MII (blue), PnIA (yellow), PnIB (orange), AuIB (pink), and EpI (red). For MII, two high resolution NMR structures are available: one determined in aqueous solution (22) and the other determined in 30% TFE (49) . Here, we have used the former because the structures of other ␣4/7 conotoxins were determined in aqueous solution. It is remarkable that the backbone root mean square deviations among the six ␣4/7 subfamily members are less than 1.0 Å. The fact that the backbone topology of these ␣4/7 conotoxins is virtually the same suggests that differences in the receptor subtype specificities among these toxins are likely to be mediated by differences in the surface charge and size of the side chains (34, 47, 50) .
Figs. 3 and 4 show that all ␣-conotoxins can be accommodated within a rectangular cube of 20 Å (height) ϫ 20 Å (width) ϫ 15 Å (thickness). The x-ray structure of acetylcholinesterase contains a ligand-binding pocket with a similar size (51) . The depth of the ligand-binding pocket in nAChR is likely to be slightly deeper than 20 Å because ␣A-conotoxins also have to bind to the same ligand-binding pocket as ␣-conotoxins. ␣-Bungarotoxin is much larger than the proposed ligand-binding pocket. However, the loop II in this snake toxin containing important receptor-binding residues has an approximate dimension of 12 Å (width) ϫ 10 Å (height) ϫ 8 Å (thickness) (52) that hence would be able to reach into the ligand-binding pocket.
The 10th residue in the ␣4/7 subfamily, such as Leu 10 of ␣-conotoxin PnIB or Ala 10 of ␣-conotoxin PnIA, has been shown to be important in discriminating between different neuronal nAChR subtypes (50, 53) . In ␣-conotoxin EI Met 12 occupies the same three-dimensional position as Ala 10 in ␣-conotoxin PnIA and Leu 10 in ␣-conotoxin PnIB (Table I) .
DISCUSSION
Proper understanding of ligand-nAChR interactions would require precise knowledge of which amino acid residues or pharmacophores are involved in ligand-receptor binding as well as how such residues are arranged in the three-dimensional space. Many important ligand-binding residues within nAChR have been identified. However, little is known about the spatial arrangement of such nAChR residues (Table I) . On the other hand, knowledge of relative spatial orientations of important receptor-binding pharmacophores in various ligands can be obtained from high resolution three-dimensional structures of several nAChR ligands (13, 18 -33) and has been useful in studying ligand-nAChR interactions even in the absence of an atomic resolution structure of nAChR. For example, one could deduce or "reverse map" plausible ligand-receptor contacts, as has been demonstrated in the case of quaternary ligands (54) , based upon correlation between characteristic physicochemical parameters as well as relative geometrical orientations of pharmacophores in ligands and nature of critical ligand-binding residues in nAChR. The first step of such a reverse mapping strategy involves determination of accurate three-dimensional structures for a sufficient number of ligands having comparable three-dimensional structures but possessing either similar or contrasting receptor binding properties (13, 27, 34) . Next, information on possible receptor subtypespecific pharmacophores in each ligand gathered by structural comparison is correlated with the results of biochemical studies such as site-specific mutational studies. This strategy is suitable for studying interactions of nAChR with ␣-/␣A-conotoxins because a sufficient number of three-dimensional structures for these peptide toxins are available now (Table I) . We have used this method to locate a possible ␣ 1 -subunit binding face within neuromuscular ␣-/␣A-conotoxins (27) and to delineate potential receptor subtype-specific residues in ␣-conotoxin MII (34) .
In the present investigation we have continued our effort to delineate receptor subtype-specific residues in ␣-conotoxins by first determining a high resolution three-dimensional structure of ␣-conotoxin EI and then by comparing it with other ␣-conotoxins. In particular, the structure of ␣-conotoxin EI has served as a critical structural template for superposition of the neuromuscular ␣3/5 subfamily toxins with neuronal ␣4/7 subfamily members. We have found that most of the second loop residues in ␣-conotoxin EI are fully surface exposed when compared with ␣-conotoxin GI, and some of these exposed residues might be important for receptor binding. It is interesting to note that both our structural approach (27) and recent double mutant cycle analysis (48, 53) suggest presence of hydrophobic interactions between the common hydrophobic Pro-⌿ motif (where ⌿ is a hydrophobic residue such as Ala, Thr, Val, or Pro) (Table I ) and the ␣ subunits of nAChR. Thus, ligand-nAChR interactions appear to involve at least two main types of interactions: a hydrophobic interaction (27, 48, 53 ) and the -cation interaction mechanism (55) .
